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In cement-based composite materials, the issue of graphene oxide (GO) dispersion has long been
a bottleneck for its widespread application. In this context, polycarboxylate superplasticizer (PCS) was
used to modify GO through a simple preparation process, resulting PCS@GO, which could greatly
improve the dispersity of GO. It was found that PCS@QGO can be uniformly dispersed in the cement
mortar, a phenomenon attributed to the steric hindrance and electrostatic repulsion generated on the
GO surface modified by PCS, effectively preventing the aggregation of GO. Moreover, the addition of
PCS@GO significantly enhances the mechanical properties, fatigue resistance, and fluidity of the cement
mortar while reducing the crystal size of the hydration products, which enhances the overall
performance of the cement-based composite material. Based on the above results, this research
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1. Introduction

In modern society, the rapid progress in the construction field
has set higher standards for the performance of building
materials. As a widely used material in the construction
industry, optimizing the performance of cement-based
composite materials is crucial to improving the quality of
buildings and extending their service life. However, these
materials often face challenges such as insufficient early
strength, poor crack resistance, limited bending capacity, high
brittleness, slow hardening rate, and a propensity to develop
micro-cracks, which can lead to structural expansion and
cracking.’ In recent years, the two-dimensional nanomaterial
graphene oxide (GO) has been considered to have great poten-
tial in reinforcing cement-based composite materials due to its
excellent physicochemical properties, such as chemical
stability, ease of modification, outstanding mechanical
strength, and large specific surface area.*® Nonetheless, the
hydrophilic functional groups on the surface of GO, such as
carboxyl and hydroxyl groups, are prone to aggregate and
precipitate in the high calcium and alkali environment of
cement, limiting its effective application in cement-based
composite materials."™ To address this challenges,
numerous studies have focused on improving the dispersibility
of GO in cement-based composite materials, employing
methods such as ultrasonic treatment, the use of dispersants,
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cement-based composite materials doped with modified GO.

compounding with other materials, and surface modification
techniques.™>*

Among the above strategies, surface modification technology
has significant advantages over other methods, e.g., without the
requirement of additional stabilizers, which avoids the inter-
face issues that might arise from introducing new components.
Furthermore, surface modification strategy is also suitable for
large-scale implementation, whereas ultrasonic treatment has
limitations in large-scale applications. Zhao et al. found that
introducing hydrophilic triethanolamine on the surface of GO
can significantly enhance its hydrophilicity; it was demon-
strated that the dispersion of triethanolamine-modified GO in
cement-based composite materials is far superior to that of
unmodified GO, leading to the overall performance improve-
ment of the cement-based composite materials.*> Remarkably,
polycarboxylate superplasticizers (PCS) have been widely
studied for improving the dispersion of GO in cement-based
composite materials, typically used as dispersants.**-*

Although there are also several studies reporting the grafting
of PCS onto the surface of GO, the complex preparation process
and high experimental conditions required limit its feasibility
in large-scale applications.”**® On the basis of the above
discussion, it can be concluded that reducing the carboxyl
group content on the surface of GO can decrease its interaction
with calcium ions in cement and thus prevent aggregation, but
this will also reduce the hydrophilicity of GO. Having this in
mind, this study chemically bonds PCS to the surface of GO
through a simple esterification reaction (ie., the reaction
between the carboxyl groups on the surface of GO and the
hydroxyl groups in PCS, as shown in Fig. 1), focusing on the
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Fig. 1 Schematic diagram of PCS modified GO.

enhancement of PCS-modified GO on the performance of
cement-based composite materials, including the impact on
mechanical properties, fatigue performance, microstructure,
and hydration rate, aiming to provide new perspective and
strategy for the modification of cement-based composite
materials with GO.

2. Experimental

2.1. Materials

Potassium permanganate (KMnO,), graphite powder, concen-
trated hydrochloric acid (HCl, 37%), sodium nitrate (NaNOj3),
concentrated sulfuric acid (H,SO,), calcium hydroxide
(Ca(OH),), N,N-dicyclohexylcarbodiimide (DCC), and 4-dime-
thylaminopyridine (DMAP) were purchased from Aladdin
reagent (Shanghai). Polycarboxylate superplasticizer (PCS)
(structure shown in Fig. 1) was purchased from Guangzhou
Chemical Reagent Factory Ltd (China) with a relative molecular
mass of 26 kg mol™'. Standard sand was purchased from
Zhangjiakou Shifa Environmental Protection Building Mate-
rials Manufacturing Co., Ltd, with a SiO, content of 98.5%
(mass fraction) and a fineness modulus of 2.5; P-042.5 ordinary
Portland cement was produced by Tangshan Jidong Cement
Co., Ltd, and Table 1 presents the specific chemical composi-
tion of the cement.

2.2. Preparation of GO

GO was prepared according to the classic Hummers' method,*
with the following operational details. Initially, 8.0 g of graphite
powder, 10.0 g of NaNOj3, and 140.0 mL of concentrated H,SO,
were mixed in a three-necked flask, which was placed in
a cooling environment at 0 °C. A magnetic stirrer was used to
stir the mixture for 5 min to ensure uniform mixing of the

Table 1 Chemical compositions of cement

Mass weight (%)

CaO SiO, ALO; Fe,0, MgO SO; K,0 TiO, Na,0O

Cement 62.08 19.79 5.28 4.46 2.82 2.28 1.20 0.32 0.71
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PCS@GO

reactants. While maintaining the reaction temperature at 0 °C,
25.0 g of KMnO, was gradually added to the flask and contin-
uously stirred for 90 min. Subsequently, the temperature of the
reaction mixture was raised to 40 °C and maintained with stir-
ring for 2 h, after which 500.0 mL of deionized water was poured
into the reaction mixture. Next, the flask was transferred to an
oil bath and heated at 90 °C for 10 min. Following this,
500.0 mL of deionized water and 30.0 mL of hydrogen peroxide
were added to the flask and stirring continued until no more
bubbles were produced, at which point the solution turned
a brownish-yellow color. The solution in the flask was then
filtered while hot, and the residue was rinsed multiple times
with a 5 wt% HCI solution and deionized water. Finally, the
target product, GO, was obtained through freeze-drying.

2.3. Preparation of PCS@GO

The chemical bonding of hydroxyl groups in PCS with carboxyl
groups on the surface of GO was achieved through a simple
DCC/DMAP catalytic esterification method.*® The experimental
procedure is briefly described as follows: First, GO was
dispersed in a three-necked flask containing 6.0 mL of solvent
and sonicated for 30 min to achieve uniform dispersion. Then,
an appropriate amount of DCC and DMAP catalysts were added
to the flask. Meanwhile, a certain quantity of PCS was dissolved
in a beaker containing 4.0 mL of solvent, and after complete
dissolution, this solution was slowly added dropwise to the
three-necked flask containing GO and stirred at room temper-
ature for 6 h. After the reaction was complete, the product was
filtered and washed multiple times with methanol, followed by
drying to obtain the PCS@GO. The dried PCS@GO was weighed
and re-dispersed in deionized water for subsequent use.

2.4. Preparation of cement-based composite materials

Firstly, a predetermined amount of cement and sand were
mixed with tap water and thoroughly stirred. Subsequently,
PCS@GO, which was pre-dispersed in water, was added to the
mixture and stirred for an additional 30 min. After that, the
cement mixture containing PCS@GO was poured into a mixer,
first agitated rapidly for 3 min, and then slowly for 15 min to
ensure homogeneous mixing. Once uniformly mixed, the slurry
was poured into molds measuring 40 mm x 40 mm x 160 mm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and cured in a standard curing chamber for 1 day, after which it
was kept to continue curing for an additional 2 days (in this
study, these 3 days were combined into a single curing period),
as well as for further 7 days and 28 days to form the cement-
based composite materials. Table 2 lists the specific composi-
tion of the cement-based composite materials, where pure
Portland cement serves as the blank control group (denoted as
C), the composite material doped GO is denoted as GO-C, while
the composite material added PCS@GO is denoted as PCS@GO-
C.

2.5. Characterizations

The X-ray diffraction (XRD) patterns of the samples were ob-
tained using a Bruker D8 Advance diffractometer with Cu Ko
radiation (k = 1.5406°) at 40 kV and 40 mA, scanning in the 26
range of 5-70° at a rate of 3° min~". Fourier Transform Infrared
(FT-IR) spectra were captured with an infrared spectrometer
(INVENIO, Bruker, German) in the 500-4000 cm™" spectral
range, employing the KBr pellet technique at a resolution of
4 cm™ . According to the national standard (GB/T 17671-2021),
the flexural and compressive strength of the cement-based
composite materials were tested using the electronic universal
testing machine (HKX800) from Shanghai Hengke Instrument
Technology Co., Ltd. The water absorption and fluidity of the
samples were tested according to the national standard (GB/T
8077), and the setting time of the samples was tested accord-
ing to the national standard (GB/T 1346). The fatigue perfor-
mance of the cement-based composite materials was tested
following the JT/T 860.8 testing standard using the fatigue
testing machine (HS-3001A-S) from Changzhou Dedu Precision
Instruments Co., Ltd.

3. Results and discussion

3.1. Structure characterizations

Fig. 2 shows the FT-IR spectra of GO and PCS@GO. As shown
Fig. 2, both GO and PCS@GO exhibit a significant characteristic
peak at 3300 cm ™', which is attributed to the stretching vibra-
tion of O-H, indicating that a large number of hydroxyl groups
still exist on the modified GO and the esterification reaction
primarily occurs with the carboxyl groups of GO. In addition,
the characteristic peak of the GO sample at 1720 cm ™' is
assigned to the stretching vibration of the carboxyl groups at the
edges, while in the PCS@GO sample, the absorption peak at this
position noticeably shifts to a higher wavenumber
(~1770 em™ ") and appears as a broader peak, which is attrib-
uted to the stretching vibration of the ester groups.** These
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Fig. 2 FT-IR spectra of GO and PCS@GO.

react with the carboxyl groups of GO, confirming that PCS is
chemically grafted onto the surface of GO rather than simply
through hydrogen bonding. Additionally, the absorption peak
attributed to the ether bonds of PCS structure can also be
observed in the PCS@GO sample (~1150 cm '), further
demonstrating the successful grafting of PCS onto the surface of
GO. The peak at 1640 cm ™" in Fig. 2 is attributed to the char-
acteristic signal of the double bonds in the GO structure, which
can be found in both GO and PCS@GO samples, indicating that
the esterification reaction did not alter the main structure of
GO.*” Clearly, the results fully illustrate that a simple esterifi-
cation reaction can graft PCS onto the surface of GO.

Fig. 3 displays the XRD patterns of PCS@GO, GO, and PCS.
As shown in Fig. 3, unmodified GO displays a broad hump in
the 260 range of 12-28°. This feature arises from its nano-layered
structure and the disruption of graphite's original crystalline
periodicity, caused by the nano-size effect.*®* When X-rays irra-
diate GO, the X-ray diffraction shifts to both sides, reducing the
peak intensity and forming a non-sharp diffraction peak. A
comparison of GO and PCS@GO reveals that the broad peak at
260 = 10.2° in GO disappears in the PCS@GO sample, which
suggests that PCS macromolecules have intercalated into the
GO layers, increasing the interlayer spacing and reducing van
der Waals forces between them.** These factors contribute to
the separation of GO sheets, enhancing their dispersibility.
Comparing PCS and PCS@GO, it is noted that the intensity of
the diffraction peaks at 26 = 19.3° and 23.2°, which could be
ascribed to the polyethylene oxide side chains in the PCS

results indicate that the hydroxyl groups in PCS successfully macromolecules, is significantly reduced in PCS@GO,
Table 2 The compositions of cement mortars

Samples Cement (g) Sand (g) Water (g) GO (Wt%) PCS@GO (wt%)
C 550 1450 200 0 0

GO-C 550 1450 200 0.1 0

PCS@GO-C 550 1450 200 0 0.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of PCS@GO, GO and PCS.

suggesting that the grafting of PCS has altered the spatial
structure of GO.*® The steric hindrance effect of the side chains
of the PCS macromolecules promotes the separation of the GO
layered structure, effectively preventing the aggregation of GO
in high calcium ion environments, and improving the dis-
persibility of GO in cement-based composite materials. The FT-
IR and XRD results confirm that the PCS macromolecules have
successfully grafted onto the surface and interlayers of GO,
which could improve the dispersibility of GO.

Fig. 4 is a schematic illustration of the possible adsorption—
dispersion of PCS@GO in cement-based composite materials
based on the aforementioned characterizations. Compared to
pure GO, the surface and interlayers of PCS@GO are filled with
PCS macromolecules, which prevent the aggregation caused by
the electrostatic interaction between the carboxyl groups on the
surface of pure GO and calcium ions. The surface and inter-
layers of PCS@GO contain a lot of macromolecular PCS, and the
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Fig. 4 Schematic diagram of the adsorption—dispersion process of
PCS@GO in cement mortar.
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steric and electrostatic repulsion between the macromolecular
weights also prevent the GO sheets from coming together and
aggregating. Furthermore, the macromolecular chains of PCS
can also prevent calcium ions contacting with GO in an alkaline
environment, further stabilizing GO. As a result, the dispersion
stability of PCS@GO in cement-based composite materials
could be greatly improved.

3.2. The influence of PCS@GO on fluidity and setting time of
cement-based composite materials

Table 3 summarizes the results on the fluidity, water reduction
rate, and setting time of cement-based composite materials
doped with PCS@GO and GO, and the blank control (C). From
Table 3, it can be observed that the water reduction rate of the
cement-based composite materials doped with PCS@GO
significantly enhanced by 26.3%, which could be explained
owing to the PCS macromolecules grafted onto GO act as an
efficient water-reducing agent themselves; whereas the addition
of GO decreased the water reduction rate by —6.7%, indicating
the need for additional water to achieve standard fluidity. Table
3 also shows that the fluidity of the cement-based composite
materials with PCS@GO (225 mm) greatly exceeded that of the
samples with GO (105 mm). This is because, after adding water
to the dry cement-based composite materials and stirring,
a flocculated structure forms, and some water molecules
become encapsulated within the paste, affecting the fluidity of
the cement-based composite materials. For PCS@GO grafted by
water-reducing agents, PCS@GO comes into direct contact with
the paste, and its steric hindrance and electrostatic repulsion
prevent the formation of the flocculated structure, reducing the
encapsulated water and thereby enhancing fluidity.*® Table 3
also reveals that the initial and final setting times of the
samples with PCS@GO were increased compared to those with
GO, indicating that PCS@GO has a retarding effect on the
cement-based composite materials. This is because grafting
hydrophilic PCS onto GO does not significantly alter its struc-
ture, promoting layer separation. As a result, the material can
more easily connect with and penetrate the pores of cement-
based composites, thereby delaying the setting time.

3.3. The influence of PCS@GO on the mechanical properties
of cement-based composite materials

Fig. 5 shows the compressive strength (A) and flexural strength
(B) of cement-based composite materials with the addition of
0.1 wt% GO, PCS@GO, and control samples at different
hydration times (3 and 28 days). From Fig. 5, it can be observed
that the addition of 0.1 wt% GO and PCS@GO significantly

Table 3 The water reduction rate, fluidity and setting time

Water reduction Fluidity Initial setting Final setting

Sample rate (%) (mm) time (min) time (min)
C — 130 128 185
GO-C —6.7 105 160 235
PCS@GO-C  26.3 225 215 313

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08947b

Open Access Article. Published on 10 March 2025. Downloaded on 12/21/2025 9:18:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

80
A C
Il Go-C

B PCS@GO-C

60 -
40

20

Compressive strength/MPa

View Article Online

RSC Advances

C
¢ M cGo-cC
Il PCS@GO-C

Flexural strength/MPa

Hydration time/d

Hydration time/d

Fig. 5 The compressive strength (A) and flexural strength (B) of cement mortars that include the control, doped 0.1 wt% of GO or PCS@GO at

different hydration time (3 and 28 days).

altered the compressive and flexural strengths of the cement-
based composite materials. The compressive strength of the
composite materials increased with hydration time (Fig. 5A),
and the relationship in compressive strength is consistently
PCS@GO-C > GO-C > C, indicating that the incorporation of GO
is beneficial for improving the compressive strength of cement-
based composite materials. Fig. 5B reveals that the flexural
strength of the composite materials increased with the exten-
sion of hydration time. The flexural strength of the cement-
based composite materials reached a maximum value of
8.2 MPa after 28 days, which is a 23.8% increase compared to
pure Portland cement samples and a 7.3% increase compared
to samples doped with 0.1 wt% GO. Similarly, when the addi-
tion of PCS@GO was 0.1 wt%, the compressive strength reached
a maximum value of 65.6 MPa after 28 days, which is 47.8%
higher than that of pure cement samples and 23.2% higher than
cement samples doped with 0.1 wt% GO. It can be concluded
that both GO and PCS@GO can improve the compressive and
flexural strengths of cement-based composite materials, with
PCS@GO showing a significantly higher enhancement effect
than GO. It could be explained that the water-reducing effect of
PCS increases the fluidity and compactness of the cement-based
composite materials, reduces the void defects in the composite,
and prevents stress concentration.*” Furthermore, after grafting
with PCS, the dispersibility of GO is improved, and thus
PCS@GO can serve as nucleation sites for hydration crystals,
which also contributes to improving the mechanical properties
of cement-based composite materials.

Table 4 summarizes the fatigue resistance results of cement-
based composite materials with the addition of 0.1 wt% GO,
PCS@GO, and control samples at 28 days of hydration. The

Table 4 The fatigue resistance results of the samples

Samples 130 pe 1000 pe
C 1122000 6350
GO-C 1394500 8450
PCS@GO-C 1698 000 13000

© 2025 The Author(s). Published by the Royal Society of Chemistry

cement-based composite material doped with 0.1 wt% PCS@GO
exhibited a fatigue life of 21.7% and 51.3% longer than that of
the samples with 0.1 wt% GO and pure cement, respectively
(130 pe). When the strain was increased to 1000 pe, the fatigue
life of the sample doped with 0.1 wt% PCS@GO was 53.8% and
104.7% longer than that of the samples doped with 0.1 wt% GO
and pure cement, respectively. The results suggest that the
addition of PCS@GO can significantly enhance the fatigue life
of cement-based composite materials, which is mainly attrib-
uted to two aspects: the bridging effect of the modified GO and
the transfer of stresses from the substrate to PCS@GO itself,
carrying part of the load and thus increasing fatigue
resistance.’®

3.4. The influence of PCS@GO on the hydration products of
cement-based composite materials

Fig. 6 exhibits the XRD patterns of C, GO-C, and PCS@GO-C
samples after 3 days of hydration. It shows that the main

50
2 2503 agagre PCS@GO-C
i P —GOo-C
404 H : e
5 304 :
< H
S 1
> i
By i
g i
D 201 :
- '
[=] H
L H
10
0 T T T T T T

40 50 60 70

30
26/°

Fig. 6 XRD patterns of 3 days hydration products of cement mortar
composites: C, GO-C and PCS@GO.
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diffraction peaks in the XRD patterns are composed of the
characteristic peaks of C3S (26 = 29.3°), C,S (26 = 34.1°), CH (24
= 18.6°), and ettringite (26 = 8.9°). After the addition of GO and
PCS@GO, no new crystalline diffraction peaks were produced in
the cement-based composite materials after 3 days of hydration.
The crystalline diffraction peaks of cement clinker minerals
(C3S and C,S) gradually weakened. The hydration product
C-S-H gel, due to its poor crystallinity, appears amorphous and
thus cannot be distinctly resolved in the XRD patterns. The
formation of Ca(OH), crystals is an important parameter for
measuring the degree of cement hydration and the diffraction
peaks at 26 angles of 18.6°, 28.5°, 34.1°, and 47.6° in the XRD
patterns confirm the presence of Ca(OH), hydration
products.***®

Considering the high influence of Ca(OH), crystals size on
the mechanical properties of cement composite materials, the
crystallite size was calculated by employing the Scherrer equa-
tion (D = Kv/B cos ) in this work.* D represents the crystal size
perpendicular to the diffracting plane, y denotes the wave-
length of the incident X-rays, 6 is the angle of diffraction
between the X-rays and the crystal plane, B is the half-height
width of the diffraction peak, and K is a constant (0.89). Fig. 7
illustrates the size of CH at different crystal planes for C, GO-C,
and PCS@GO-C after 3 days of hydration. It can be observed
that the crystal sizes at the (001), (010), (011), and (012) planes
follow the trend of C > GO > PCS@GO. The results indicate that
PCS-modified GO reduced the degree of crystallization of
Ca(OH), on different crystal planes, leading to smaller crystal
sizes, which is possible due to the prevention effect of PCS on
the hydration of minerals in cement, thus delaying the forma-
tion of Ca(OH), and C-S-H gels. Furthermore, the grafting of
PCS onto GO increases its stability and introduces more
nucleation sites, which also contributes to the reduction of
crystal size. The increase in nucleation sites and the decrease in
hydration product size result in a more compact curing product
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Fig. 7 The crystal size of CH products of control, doped with 0.1 wt%
GO and PCS@GO at different crystal face after 3 days of hydration.
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of the cement-based composite materials, therefore improving
their mechanical properties.

4. Conclusions

In summary, PCS@GO was successfully prepared by grafting
PCS with polyethylene oxide side chains onto the surface of GO
through a simple esterification reaction, and the performance
of cement-based composite materials doped with PCS@GO was
explored in detail. The results demonstrated that after covalent
grafting of PCS, the dispersibility and fluidity of GO were
significantly improved, which partially solved the aggregation
problem of GO nanofillers in cement-based composite mate-
rials. Furthermore, the addition of PCS@GO can improve the
compressive and flexural strengths of cement-based composite
materials, and these strengths increase with the extension of
hydration time. When incorporating 0.1 wt% PCS@GO, the
flexural strength of the cement composite material reached
a maximum value of 8.2 MPa after 28 days, which is a 23.8%
improvement over pure cement samples and a 7.3% increase
over sample doped with 0.1 wt% GO. Similarly, with a 0.1 wt%
addition of PCS@GO, the compressive strength reached
a maximum value of 65.6 MPa after 28 days, which is 47.8%
higher than that of pure cement samples and a 23.2% increase
over cement samples doped with 0.1 wt% GO. Furthermore, the
addition of 0.1 wt% PCS@GO can significantly improve the
fatigue resistance of cement-based composite materials. The
XRD testing of the hydration products of PCS@GO-doped
cement-based composite materials after 3 days of hydration
and the size of CH crystals on different crystal planes indicate
that the addition of PCS@GO reduces crystal size, making the
cured composite material more compact and thus improving its
performance.
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